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ABSTRACT 


Middle East respiratory syndrome (MERS)-coronavirus (MERS-CoV) causes life threatening disease. 
Dipeptidyl peptidase 4 (DPP4) is the receptor for cell binding and entry. There is a need for small animal 
models of MERS, but mice are not susceptible to MERS because murine dpp4 does not serve as a 
receptor. We developed transgenic mice expressing human DPP4 (hDPP4) under the control of the 
surfactant protein C promoter or cytokeratin 18 promoter that are susceptible to infection with MERS- 
CoV. Notably, mice expressing hDPP4 with the cytokeratin 18 promoter developed progressive, 
uniformly fatal disease following intranasal inoculation. High virus titers were present in lung and brain 
tissues at 2 and 6 d.p.1., respectively. MERS-CoV infected lungs revealed mononuclear cell infiltration, 
alveolar edema, and microvascular thrombosis, with airways generally unaffected. Brain disease was 
observed with the greatest involvement noted in the thalamus and brainstem. Animals immunized with a 
vaccine candidate were uniformly protected from lethal infection. These new mouse models of MERS- 


CoV should be useful for investigation of early disease mechanisms and therapeutic interventions. 


BACKGROUND 

Middle East Respiratory Syndrome (MERS) first emerged on the Saudi Arabian peninsula in 
2012. A new coronavirus, MERS-CoV, was identified as the causative agent [1] and dipeptidyl 
peptidase 4 (DPP4, CD26) was identified as its receptor [2]. The disease spectrum ranges from 
asymptomatic cases to the acute respiratory distress syndrome, circulatory collapse, multiorgan 
failure, and death [3]. As of 5 October 2015 the WHO has been notified of 1,589 laboratory- 
confirmed cases of MERS-CoV infection in more than two dozen countries, resulting in at least 
567 related deaths. The greatest mortality occurs in the elderly and those with comorbidities [4- 


7). 


Epidemiologic studies indicate that MERS-CoV can spread to humans from infected dromedary 
camels [8]. A closely related virus is resident in wild bats, suggesting that they serve as natural 
reservoirs for MERS-like viruses [9]. Although human to human or zoonotic spread of MERS 
has not reached epidemic or pandemic levels, its potential to spread between persons was 
demonstrated in healthcare settings in the Middle East [10] and by the recent outbreak in South 


Korea caused by a single infected individual [11]. 


MERS-CoV can infect rabbits and camels, and some species of non-human primates (rhesus 
macaques and common marmosets, reviewed in [12]). Marmosets develop a severe progressive 
lung disease although this has recently been questioned [45]. The other animals develop a more 
mild, self-limited respiratory illness [13]. Because large animal and primate studies are resource 
intensive, a small animal model is desirable. The MERS-CoV spike (S) glycoprotein does not 


bind the murine dpp4 protein efficiently, therefore preventing infection [14, 15]. We reported 


that mice sensitized to MERS-CoV by adenoviral transduction of hDPP4 to pulmonary epithelia 
confers productive virus replication, allowing rapid screening of phenotypes in genetically 


modified mouse strains [16]. 


A transgenic mouse model would help investigate MERS pathogenesis and aid development of 
vaccine and antiviral therapies, in part because reagents to study the immune response are widely 
available. Recently, Agrawal reported mice expressing a hDPP4 transgene with the ubiquitous 
CAGGS promoter (CMV immediate-early enhancer and chicken f-actin promoter) [17]. When 
exposed to MERS-CoV (10° TCIDs0, intranasally) these mice exhibited progressive weight loss 
and died with evidence of high virus titers and inflammatory responses in lung and brain tissues. 
They detected virus antigen in the heart, spleen, and intestine, indicating spread beyond the lungs 
and brain. To develop new MERS models, we generated mice expressing hDPP4 in epithelial 
cells using two different cell type specific promoters. We show that transgenic expression of 
hDPP4 in epithelia facilitates MERS-CoV replication in lung tissue. Depending on the promoter 
selected, the disease outcome ranged from mild and self-limited to lethal with lung and brain 


tissue involvement. 


METHODS 

Generation of human DPP4 transgenic mice. All studies were approved by the Animal Care 
and Use Committee of the University of lowa. We used two different promoters (cytokeratin 18 
or surfactant protein C) to direct hDPP4 expression in epithelia (Figure 1A; Supplemental Figure 
1A). A FLAG epitope tagged hDPP4 cDNA (Origene) was cloned into the pK18mTElacZ- 


K18i6x7pA vector to create pK 18-hDPP4 [18-20]. The human SPC promoter, a gift from Dr. 


Teodora Georgieva (BIOS Institute, Tucson, AZ), was used to generate the pSPC-hDPP4 vector. 
Purified DNA fragments from the pK18-ADPP4 and pSPC-hDPP4 vectors were injected into 
pronuclei of fertilized B6SJL (C57BL/6J X SJL/J) mouse eggs to generate transgenic embryos. 
Mice transgenic for hDPP4 expression were detected by PCR using the following primers: 
forward primer: CCA AAG ACT GTA CGG GTT CC; reverse: CCA AAG CTG AAT TGT 


CTT CCA G. 


Infection of transgenic mice with MERS-CoV. The MERS-CoV (EMC2012 strain, passage 
8) was provided by Drs. Bart Haagmans and Ron Fouchier (Erasmus Medical Center). Virus was 
propagated and titered by plaque assay on Vero-81 cells. Mice expressing hDPP4 were 
anesthetized with ketamine/xylazine and infected intranasally with MERS-CoV in 50 ul DMEM. 
Mice were examined daily and temperatures and weights recorded. Non-transgenic littermates 


served as controls. MERS-CoV work was conducted in a Biosafety Level 3 (BSL3) Laboratory. 


Virus Titers. Tissues were removed aseptically, disassociated with a manual homogenizer in 
1X PBS, briefly centrifuged, and supernatants removed. Samples were titered on Vero-81 cells 


as reported [16]. 


DPP4 protein abundance. DPP4 protein abundance was measured by ELISA (human DPP4 
DuoSet, catalog #DY1180, R&D Systems, Minneapolis, MN) following the manufacturer’s 


protocol. 


Extraction of Total RNA and Quantitative RT-PCR. See Supplemental Materials 


Histology and immunohistochemistry. See Supplemental Materials 


MERS-CoV infection of human cell lines and primary porcine astrocytes. The human 
neuroblastoma cell line SK-N-SH was grown in RPMI 1640 with 10% FBS. The glioma cell line 
U138MG and murine astrocytoma cell line DBT cells were cultured in DMEM with 10% FBS. 
Primary porcine glial cells were cultured as previously described [21]. Dissociated cells were 
allowed to attach to collagen-coated plates and cultured for 2-3 weeks. Cells were infected with 
MERS-CoV at MOI of 1. At time 0 and two days after infection, supernatants were harvested for 


titers and cells processed for immunostaining. 


Inhibition of MERS-CoV infection by passive and active immunization. Venezuelan equine 
encephalitis replicon particles (VRPs) expressing the MERS-CoV spike (S) glycoprotein or GFP 
were constructed as previously described [16]. K18-2DPP4 transgenic mice were immunized in 
the foot pad with 1 x 10° infectious units (IU) of VRP-S or VRP-GFP in 20 pl of PBS and 
boosted with the same doses 4 weeks later. Two weeks after the second immunization, mice 
received 1 x 10° PFU of MERS-CoV. For passive immunization, non-transgenic mice received 1 
x 10° IU of VRP-S or VRP-GFP and then were boosted with the same dose 4 weeks later. Two 
weeks later serum was harvested and 300 ul of serum transferred into K18-hDPP4 mice 


intraperitoneally 1 day before MERS-CoV infection. 


Statistical analysis. Student’s t-test or ANOVA with Dunn’s multiple comparison test were 
used to analyze differences in mean values between groups unless otherwise specified. Results 
are expressed as mean +/- standard error or standard deviation, as indicated. P values <0.05 were 


considered significant. 


RESULTS 

Characterization of hDPP4 transgenic mice. DPP4 is broadly expressed in human tissues and 
cells (reviewed in [22]). In primary cell culture and organ culture models, MERS-CoV 
predominantly infects non-ciliated epithelial cell types of the respiratory tract [2, 23]. To direct 
MERS-CoV receptor expression to pulmonary epithelia, we used the surfactant protein C (SPC) 
promoter (Supplemental Figure 1A) or the cytokeratin 18 (K18) promoter (Figure 1A) as 
described in Methods. The SPC promoter drives expression in bronchiolar and alveolar epithelia 
[24]. In contrast, the K/8 promoter confers transgene expression in airway and alveolar 
epithelial cells, as well as epithelia of the liver, kidney and gastrointestinal tract, and some cells 
of the nervous system [18]. We generated 8 SPC-ADPP4 founder lines and 4 K18-hDPP4 


founder lines. 


We first screened F2 mice from each founder line for evidence of a pulmonary infection 
following intranasal (i.n.) inoculation with 1 x 10° PFU of MERS-CoV. We identified three 
SPC-ADPP4 lines (Supplemental Figure 1B) and two K18-ADPP4 lines (Figure 1B) with 
productive MERS-CoV infections based on titers 3 days post infection (d.p.i.). The titers 
achieved in the K18-hDPP4 lines exceeded those of the SPC-hDPP4 lines. We selected founder 


line 3 from both the SPC-ADPP4 and K18-hDPP4 lines for additional studies, as these showed 


the highest virus titers 3 d.p.i. Intranasal infection of transgenic mice and their non-transgenic 
littermates from SPC-hDPP4 line 3 with MERS-CoV caused no mortality or changes in body 
temperature, but mice failed to gain weight compared to non-transgenic littermates 
(Supplemental Figures 1C-F). Virus was cleared by 14 d.p.i. 

MERS-CoV-infected K18-1DPP4 mice develop lethal disease. We detected DPP4 protein 
expression in brain, heart, lung, kidney, spleen, intestine, and liver of K18-hDPP4 mice (Figure 
1C). In contrast to the SPC-hDPP4 transgenic mice, K18-hDPP4 mice inoculated intranasally 
with MERS-CoV uniformly exhibited weight loss and hypothermia, and died at 6-7 d.p.i. 
(Figures 2A-C). MERS-CoV titers were highest in lung tissue 2 d.p.i. (6 x 10’ PFU/g tissue) and 
then declined at 4 and 6 d.p.i. In contrast, virus titers in brain were undetectable at 2 d.p.i. and 
then increased to 10° and 10° PFU/gram tissue at 4 and 6 d.p.i., respectively (Figure 2D). 
Although the K18 promoter is active in the epithelia of multiple organs, no virus was titered 
from the kidney (Figure 2D). We quantified virus RNA distribution in tissues and blood by PCR 
at 2 and 4 d.p.i. (Figure 2E). Virus RNA was abundant in lung at 2 and 4 d.p.i. RNA was 
detected in brain tissue at 4 d.p.1. Lower levels of viral RNA were also detected in spleen 2 d.p.i. 


and kidney and heart 4 d.p.i. 


We also asked whether MERS-CoV infected mice could spread the virus to other animals. 
MERS-CoV was not transmitted from infected K18-hDPP4 mice (n=2) to uninfected K18- 
hDPP4 mice (n = 3) housed in the same cages (data not shown). No virus RNA was detected in 
the brain, lung, or blood of these healthy co-housed mice (data not shown). This was not 


surprising, however, since mice do not cough or sneeze. 
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Histopathology of K18-1DPP4 lung tissue infected with MERS-CoV. MERS-CoV infection 
in lung was evaluated and scored at 2, 4, and 6 d.p.i. (Table 1). MERS-CoV infection produced 
patchy consolidation (Figure 3A) variably composed of cellular inflammation, vascular 
congestion, and atelectasis. The airways were generally intact with only scattered, uncommon 
sloughed cells (Figure 3B). In some lungs, lymphatic vessels were filled with degenerative cells 
and cellular debris (Figure 3C). Thrombi (Figure 3D) were also observed with nearby vascular 
congestion, and lesser hemorrhage and necrosis. Alveolar edema was detected in some lung 
fields (Figure 3E). We investigated virus antigen expression in the lungs at 2, 4, 6 d.p.1. 
(Supplemental Figure 2). MERS-CoV N protein was most abundant in the lung parenchyma in 


alveolar type I and II cells, and in macrophages. 


Nervous system disease in MERS-CoV-infected K18-4DPP4 mice. MERS-CoV was detected 
at high levels in infected K18-hDPP4 mice. Transgenic hDPP4 expression in brain was 
corroborated by ELISA (Figure 1C). We evaluated pathologic changes in the brains of MERS- 
CoV infected mice at 2, 4, and 6 d.p.i. (Table 2). Compared to controls (Figure 4A), MERS- 
CoV infected mice exhibited perivascular cuffing (Figures 4B, E), cellular degeneration and 
debris (Figures 4C, D) that was absent at day 2 with progressive changes from days 4 to 6 (Table 
2). Degenerating and dying neurons sometimes had basophilic cytoplasmic inclusions that were 
quite prominent (Figures 4C, F) and immunostained for viral antigen (Figure 4F). MERS-CoV 
induced neuronal lesions were most severe in the thalamus and brainstem (Table 2). More 
detailed virus antigen staining in brain tissue at 2, 4, 6 d.p.i. is shown in Supplemental Figure 3. 
N protein staining was rare at 2 and 4 d.p.i. and principally seen in solitary neurons. In contrast, 


by 6 d.p.i. many neurons were infected. Virus antigen at 6 d.p.i. was preferentially located in 
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midbrain, thalamus, deep cerebral cortex, and CA2 region of hippocampus, but was uncommon 


in the cerebellum. 


Collectively, these results show that both the lungs and brain developed pathological changes 
after MERS-COV infection. To differentiate the importance of brain versus lung infection, we 
used low inoculum doses, in order to optimize the likelihood that only the brain or the lung 
would be infected. We used intranasal inocula of 1,000, 100, and 10 PFU/animal. Compared to 
mice receiving a larger inoculum, the onset of weight loss was delayed from 3-4 d.p.i. to 9-10 
d.p.i. (Figures 4G-I). Despite this delayed onset of disease signs, 4/5 mice succumbed with the 
1,000 PFU inoculum, 4/5 mice died with a 100 PFU inoculum, and 3/5 mice succumbed 
following a 10 PFU inoculum. In a second experiment, MERS-CoV was detected in brain tissue 
of 3/7 mice infected with 10 PFU (~4 x 10° PFU/g tissue) at 9 d.p.i. No virus was titered from 
lung tissue (Figure 41). Thus mortality correlated with brain infection, suggesting that infection 


of this organ was most important for the high mortality observed in K18-ADPP4 mice. 


MERS-CoV infection of cells from the nervous system. The clinical course of MERS in 
severely ill patients sometimes includes neurological manifestations [4, 25], suggesting that 
MERS-CoV may infect the human central nervous system (CNS). Of note, DPP4 is expressed in 
vascular endothelia and other brain cell types [22, 26-33]. To determine whether MERS-CoV 
could infect and complete its replication cycle in CNS-derived cells, we infected CNS-derived 
human cell lines or primary astrocytes derived from newborn pig brain tissue. Pig cells were 
previously shown to be permissive to MERS-CoV infection [2]. Human cell lines (U-138 MG, 


SK-N-SH) and primary porcine astrocytes all expressed DPP4 protein (data not shown). SK-N- 
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SH cells, porcine astrocytes, and control Vero-81 cells supported virus replication (Figure 4J) 
and this result was confirmed by immunostaining for MERS-CoV antigen (Supplemental Figure 
3). No human autopsy samples are available to directly assess virus replication in the brain, but 


these results support the notion that neurological disease is directly virus-induced. 


Induction of proinflammatory cytokines and chemokines in MERS-CoV-infected K18- 
hDPP4 mice. Based on studies of cells infected in vitro [34-37], dysregulated cytokine and 
chemokine production is postulated to contribute to disease severity. We profiled the expression 
of several cytokine, chemokine, and antiviral gene products in lung and brain tissues 2, 4, and 6 
d.p.i. using RT-PCR. As shown in Supplemental Figure 4, we observed an overall trend that 
these host defense gene products were first induced in the lung, followed by a later increase in 
signal in the brain. In the lung there were significant increases in type I, II, and III interferons by 
2 d.p.i. The induction of interferon lambda in lung was especially remarkable. Upregulation of 
all classes of interferons occurred later in brain tissue and did not reach the same levels as lung 
with the exception of interferon gamma. Several other gene products were increased early in the 
lung including ISG15, IL-6, IL-12p40, IL-15, CCL2, CXCL9, and CXCL10. Peak expression of 
RIG-I, MDA5, PKR, MYD88, TNF-a, IL-1, CCL2, CCL5, and CXCL10 was greater in the 


brain than lung at the later time points. 


Kidneys from MERS-CoV infected mice. Renal failure is commonly seen in MERS patients 
but it is not known whether the kidney is infected by the virus. MERS-CoV infected mice had 
scattered to patchy evidence of tubular injury including tubular dilation, cell sloughing/debris, 


and cellular necrosis (Supplemental Figure 5). These changes were principally seen late in the 
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course of infection (6 d.p.i., 9/9 cases) and otherwise only seen rarely / focally at 4 d.p.i. (3/3 
cases) and not detected at 2 d.p.i. (0/3 cases). Consistent with published results [17], no virus 
was detected in the kidneys of MERS-CoV infected animals at 2, 4, or 6 d.p.i. These pathologic 


changes are most consistent with shock or hypoxia. 


Active or passive immunization of K18-2DPP4 mice prevents clinical disease. To determine 
whether K18-hDPP4 mice will be useful for evaluating anti- MERS-CoV vaccines or therapies, 
we vaccinated K18-hDPP4 mice with VRPs expressing the MERS-CoV surface spike (S) 
glycoprotein (VRP-S) or VRP-GFP prior to MERS-CoV infection. Following a primary and 
secondary immunization, mice were challenged with 1 x 10° PFU of MERS-CoV intranasally. 
As shown in Figures 5A, B, immunized mice were completely protected against lethal infection. 
Mice immunized with VRP-S showed 100% survival and no weight loss over the course of the 


14 day experiment. 


Next, animals were pre-treated with serum from mice immunized with VRP-S or VRP-GFP. 
Intraperitoneal administration of serum from mice immunized with VRP-S one day prior to 
MERS-CoV infection completely prevented the lethal disease manifestations in K18-hDPP4 
mice including weight loss and clinical disease (Figures 5C, D). Control anti-GFP sera treated 
mice all died. We also assessed tissue titers in MERS-CoV infected mice following passive 
immunization at 2, 4, and 6 d.p.i. We observed an accelerated reduction in lung tissue titers in 
immunized mice, with no virus titered after 4 d.p.i. (Figures 5E). Passive immunization 


completely prevented spread of infection to the brain (Figure 5F). 


14 


DISCUSSION 

The recent outbreak in South Korea demonstrates that MERS-CoV continues to pose significant 
risks to human health [11]. Here we report new mouse models of MERS-CoV infection. 
Because the restriction in infecting mouse cells with MERS-CoV is at the level of the receptor 
[14, 15], we generated mice expressing human DPP4 under control of the surfactant protein C or 
cytokeratin 18 promoters. When challenged with MERS-CoV, a fatal disease course ensued in 
K18-ADPP4 mice, with inflammatory disease involving lung and brain tissues. In this setting of 
severe disease, immunization with VRPs expressing the MERS-CoV spike glycoprotein 
conferred protective immunity. SPC-ADPP4 mice exhibited a milder disease phenotype. These 
transgenic mice provide new models for investigation of MERS-CoV infection and the 


evaluation of therapeutic interventions. 


Several animal species have been tested for their susceptibility to MERS-CoV respiratory 
infection and disease. Mice [38], Syrian hamsters [39], and ferrets [40] do not support MERS- 
CoV replication. In contrast, rhesus macaques [41, 42], marmosets [13], rabbits [43], and camels 
[44] all allow the virus to complete its replication cycle. While marmosets develop significant 
lung pathology with associated mortality when given a large inoculum [13], others report 
minimal disease in marmosets [45]. The phenotypes in other mammals studied are mild and do 


not recapitulate a severe MERS-like disease. 


Zhao and coworkers reported the first mouse model of MERS infection [16]. They sensitized 
mice to MERS-CoV infection by delivering adenovirus vectors expressing hDPP4 to the lungs of 


mice. However, only the lung expressed hDPP4 so virus replication in other organs could not be 
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evaluated. Agrawal expressed hDPP4 behind a universally expressed promoter [17]. Here we 
expanded the available mouse models by stably expressing hDPP4 with the SPC and K18 
promoters. Both of these promoters exhibit more restricted expression compared to the CAGGs 
promoter used by Agrawal et al [17]. The disease phenotype of the K18-hDPP4 mice shares 
many features with the results reported by Agrawal [17], including fatal disease with lung and 
brain involvement. In contrast, the SPC-ADPP4 line demonstrated lower lung tissue viral loads 
than Ad-ADPP4 sensitized mice [16] without spread to other organs or associated mortality. 
This suggests that with infection restricted to the lung, mouse innate immunity may successfully 
overcome virulence factors expressed by MERS-CoV and prevent a lethal outcome. A mouse 


adapted MERS-CoV strain may help overcome this limitation. 


The K18-DPP4 transgenic mice developed several disease features of interest. Analysis of the 
lungs at 2, 4, and 6 d.p.i. revealed ongoing virus replication and significant parenchymal 
involvement. In addition, the airways exhibited rare sloughed cells and cell debris was observed 
within lymphatic vessels. These changes were associated with increases in several innate 
immune molecules and cytokines including type I, I, and III interferons, ISG15, IL-6, IL-12p40, 
IL-15, CCL2, CXCL9, and CXCL10. Interestingly, interferon lambda, the predominant mucosal 
interferon in the lung [46], was markedly induced in the lung of MERS-CoV infected mice. 
These lung disease features provide several quantitative endpoints for evaluation of efficacy of 


antiviral therapies. 


We previously used the K18 promoter to generate mice transgenic for human ACE2 as a model 


for SARS-CoV infection [20]. Following infection with the Urbani strain of SARS-CoV, K18- 
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hACE2 mice developed a lethal disease featuring both lung and brain involvement. SARS-CoV 
spread from the olfactory bulb to primary, secondary, and more distal connections very rapidly, 
resulting in lethality. In the present study, the temporal course of brain tissue infection also 
suggested retrograde virus spread from olfactory neurons. While susceptibility to brain infection 
sets a high bar for evaluating new therapies for MERS-CoV infection, we demonstrated the 
utility of the model for vaccine testing. We acknowledge that high titer replication and death by 
CNS disease in K18-hDPP4 transgenic mice may complicate the study of some vaccines and 


other therapeutic interventions, especially for drugs that do not cross the blood-brain barrier. 


The K18-hDPP4 mice developed lethal disease with encephalitis contributing to their demise. Is 
the brain infection in a mouse model of MERS relevant to the disease in humans? We note that 
DPP4 is expressed in the brains of humans and other mammals [22, 26-33]. We found that 
MERS-CoV infects human nervous system derived cell lines and primary porcine astrocytes. It 
is possible that if MERS-CoV gains access to the human CNS, through disruption of the blood 
brain barrier, via lymphatics [47], or other routes, there are cells expressing DPP4 that could 
support virus replication. Current knowledge is limited by the absence of any published 
postmortem data from persons dying from MERS. Interestingly, Arabi and colleagues recently 
described three MERS patients with severe neurologic manifestations including altered 
consciousness and diffuse brain abnormalities on MRI involving the white matter and subcortical 
areas of the frontal, temporal, and parietal lobes, the basal ganglia, and corpus callosum [25]. 
While there are many reasons that severely ill MERS patients might manifest neurologic signs 


and symptoms, this report indicates that MERS can be associated with progressive neurological 
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manifestations. Further data are needed to understand whether some patients with MERS have 


CNS involvement with infection. 


In summary, these MERS mouse models provide a resource for the investigation of early disease 
mechanisms and therapeutic interventions and provide an economic alternative to other available 


models of the infection. 


Supplementary Materials 


Supplementary materials are available at The Journal of Infectious Diseases online 
(http://jid.oxfordjournals.org). Supplementary materials consist of data provided by the author 
that are published to benefit the reader. The posted materials are not copyedited. The contents of 
all supplementary data are the sole responsibility of the authors. Questions or messages regarding 


errors should be addressed to the author. 
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FIGURE LEGENDS 

1. Generation and characterization of K18-ADPP4 mice. A) The hDPP4 coding sequence was 
cloned into a plasmid containing the 5’ and 3’ genomic regions of the human cytokeratin 18 
(K18). The K18 5’ genomic region consists of a 2.5 kb upstream genomic sequence, promoter, 
and first intron of the human K18 gene while the K18 3’ region consists of exon 6, intron 6, exon 
7, and ~300 bp of 3’ UTR of the human K18 gene, including the K18 polyA signal. Immediately 
upstream of the hDPP4 start codon is a translational enhancer (TE) sequence from alfalfa mosaic 
virus. B) Four K18-hDPP4 transgenic founder lines were generated and intranasally inoculated 
with 1 x 10° PFU of MERS-CoV. Lung titers of founder mice were determined by plaque assay 
at 3 days post infection. n= 6-10 mice/line, mean +S.D. LOD = limit of detection. C) 
Quantitative measurement of human DPP4 concentrations in tissues of non-transgenic or K18- 


hDPP4 founder line 3 by ELISA. n=3, mean + S.D. 


Figure 2. MERS-CoV infection causes lethal disease in K18-hDPP4 mice. Animals were 
inoculated intranasally with 1 x 10° PFU of MERS-CoV and A) survival, B) weight, and C) 
temperature monitored daily. Non-transgenic mice, n = 4; K18-hDPP4 mice, n= 14. D) MERS- 
CoV titers in indicated tissues at days 2, 4, and 6 post infection, n = 3-4. E) The copy numbers of 
viral RNA in indicated tissues at days 2 and 4 post infection were analyzed by qRT-PCR 
targeting regions within open reading frame (ORF)1b, n=4. All results are expressed as mean + 


S.D. 
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Figure 3. A) Lungs from control (CON) or MERS-CoV infected mice. MERS-CoV infection 
from days 2, 4 and 6 post infection consistently caused multifocal to patchy consolidation in lung 
with perivascular and peribronchiolar inflammation (arrows). H&E stain, 40x (top panels) and 
200x (bottom panels) magnification. B) Airways were generally intact with uncommon scattered 
sloughed cells (day 6). Note the very rare multinucleate cells (arrow and inset). C) Late in the 
course of infection (day 6), degenerating cells and cellular debris (arrow and inset) could be seen 
filling several lymphatics. D) Vascular thrombi (asterisks) were seen in most cases at days 4 and 
6 post infection with adjacent congestion and lesser amounts of necrosis and hemorrhage. E) 
Edema, characterized by eosinophilic fluid material in airspaces (asterisks), was progressively 


detected in some cases at days 4 and 6. H&E stain, 200x (E) and 400x (F-I) magnification. 


Figure 4. Brain disease in MERS-CoV-infected K18-hDPP4 and uninfected mice. A) Normal 
brain from an uninfected mouse. B) MERS-CoV caused lymphocytic perivascular cuffing in the 
infected brain. C) Infected neuron in hippocampus 6 d.p.i. Note the granular degeneration and 
basophilic cytoplasmic inclusions (arrow and inset). D) Dying cells undergoing degeneration 
(arrows and inset, 6 d.p.i.) are detected in highly infected regions such as the thalamus or 
brainstem. E) Meningeal and perivascular cuffing included neutrophilic infiltrates (arrows, 6 
d.p.i.). F) Several degenerating cells had small to granular basophilic cytoplasmic inclusions 
(arrows, 6 d.p.i.) that were stained with anti- MERS-CoV antibody (inset, brown). Note the 
neuropil rarefaction. H&E stain, 600x magnification. G— 1) Outcomes of K18-hDPP4 mice 
infected with different intranasal inocula of MERS-CoV. K18-ADPP4 mice received 1,000, 100, 
or 10 PFU of MERS-CoV and monitored for G) survival and H) weight, n=5 mice/group. I) 


Lungs and brains of mice receiving 10 PFU were harvested 10 days after inoculation or when 
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they lost 20% of body weight. 3 of 7 MERS-CoV treated mice showed high virus titers in the 
brains. J) MERS-CoV replicates in cells of the nervous system. Human CNS-derived cell lines 
(U-138 MG, SK-N-SH), primary porcine astrocytes, a murine astrocytoma cell line (DBT), and 
African green monkey kidney cells (Vero-81) were infected with MERS-CoV at an MOI of 1. 
Titers from these cells immediately after infection (Day 0) or 2 d.p.i. were determined by plaque 


assay. Mean + S.D., n = 3 replicates/condition. 


Figure 5. VRP-MERS-S vaccine immunization or passive immunization protects K18-hDPP4 
mice against MERS-CoV infection. A, B) K18-hDPP4 mice were immunized with 1 x 10° 
infectious units (IU) of VRP-GFP or VRP-MERS-S in the footpad and boosted with the same 
dose 4 weeks later. Mice were infected with 1 x 10° PFU of MERS-CoV two weeks after the 
boost. C, D) For passive immunization, non-transgenic mice were immunized as described 
above. Sera were obtained 2 weeks after boosting and transferred into K18-hDPP4 mice 
intraperitoneally 1 day before infected with MERS-CoV. Survival and weights were recorded 
for active immunization (A and B) and passive immunization (C and D); Mean + S.D., n=5 
mice/group. MERS-CoV titers in lung tissue (E) and brain tissue (F) at 2, 4, 6 d.p.i. in mice with 


or without passive immunization. Mean + S.D., n = 3 mice/group. 
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Table 1. Histopathologic scores (mean +/- SEM) of lung lesions in MERS-CoV infected 


mice. 
CON MERS day 2 MERS day 4 MERS day 6 
n=4 n=3 n=3 n=9 
Edema 1 +/- 0.0 1 +/- 0.0 1.7 +/- 0.3 1.6 +/- 0.2 
(P=0.999)* (P=0.235) (P=0.187) 
Consolidation 1.5 +/- 0.3 2.3 +/- 0.3 3.0 +/- 0.6 3.3 +/- 0.2 
(P=0.999) (P=0.142) (P=0.004) 
Cell debris 1 +/- 0.0 1 +/- 0.0 1 +/- 0.0 2.1 +/- 0.2 
lymphatics (P=0.999) (P=0.999) (P=0.014) 
Thrombi 1 +/- 0.0 1 +/- 0.0 2.3 +/- 0.3 1.9 +/- 0.2 
(P=0.999) (P=0.027) (P=0.058) 
Composite score 1.1 +/- 0.1 1.3 +/- 0.1 2.0 +/- 0.1 2.2 +/- 0.1 
(P=0.999) (P=0.117) (P=0.002) 


See Methods for scoring parameters. 


CON = uninfected control 


* P-value represents Dunn’s multiple comparison tests versus control (CON day 6) 


Table 2. Histopathologic scores (mean +/- SEM) in anatomic regions of brain from 


MERS-CoV infected mice. 


CON MERS day2 MERSday4 — MERS day 6 

Brainstem 14/-0.0(4*) 14/-0.08)  2.04/-0.0(2) 4.0+/-0.0(7) 
(P=0.999**) (P=0.696) (P=0.003) 

Caudate Putamen 1.0 +/-0.0(3) 1.04/-0.0(3) 1.04/-0.0(3) 2.2 4/- 0.3 (6) 
(P=0.999) (P=0.999) (P=0.054) 

Cerebellum 1+/-0.0(4) 1 4/-0.0(2) 1+/-0.0(3) 1.3 +/- 0.3 (4) 
(P=0.999) (P=0.999) (P=0.607) 

Cerebrum 1+/-0.0(4)  14/-0.0(3) = 1.0 4/-0.0(3) ‘1.8 +/- 0.2 (8) 
(P=0.999) (P=0.999) (P=0.035) 

Ependyma 1.0+/-0.0(4) 1.04/-0.0(3)  1.04/-0.0(3) 1.3 +/- 0.2 (7) 
(P=0.999) (P=0.999) (P=0.510) 

Hippocampus 1.04/-0.0(2) 1.04/-0.0(3) 1.04/-0.0(3) 1.4 +/- 0.2. (9) 
(P=0.999) (P=0.999) (P=0.581) 

Olfactory bulb 1.0 +/- 0.0 (3) NA 2.0 +/-0.0(1) 2.0 4/- 0.0 (2) 

(P=NA) (P=NA) 

Thalamus 1.0 +/-0.0(4) 1.04/-0.0(3) 2.34/-0.3(3) 3.4 4/-0.2(7) 

(P=0.999) (P=0.365) (P=0.004) 


See Methods for scoring parameters. 


*N per group 


CON = uninfected control 


**P_value represents Dunn’s multiple comparison tests versus control (CON day 6). 


